Diabetic nephropathy (DN) is the most common cause of end-stage kidney disease worldwide, and is associated with increased morbidity and mortality in patients with both type 1 and type 2 diabetes. Increasing prevalence of diabetes has made the need for effective treatment of DN critical and thereby identifying new therapeutic targets to improve clinical management. Autophagy is a highly conserved 'self-eating' pathway by which cells degrade and recycle macromolecules and organelles. Autophagy serves as an essential mechanism to maintain homeostasis of glomeruli and tubules, and plays important roles in human health and diseases. Impairment of autophagy is implicated in the pathogenesis of DN. Emerging body of evidence suggests that targeting the autophagic pathway to activate and restore autophagy activity may be renoprotective. In this review, we examine current advances in our understanding of the roles of autophagy in diabetic kidney injury, focusing on studies in renal cells in culture, human kidney tissues, and experimental animal models of diabetes. We discuss the major nutrient-sensing signal pathways and diabetes-induced altered intracellular metabolism and cellular events, including accumulation of advanced glycation end-products, increased oxidative stress, endoplasmic reticulum stress, hypoxia, and activation of the renin-angiotensin system, which modulate autophagic activity and contribute to the development of DN. We also highlight recent studies of autophagy and transforming growth factor-b in renal fibrosis, the final common response to injury that ultimately leads to end-stage kidney failure in both type 1 and type 2 diabetes. These findings suggest the possibility that autophagy can be a therapeutic target against DN.
Introduction
The rapidly increasing prevalence of diabetes mellitus has become a major global health issue. This has been, in large part, driven by the escalating epidemic of metabolic syndrome and obesity (Hu 2011) . It is projected that the number of people with diabetes worldwide will increase from 382 million in 2013 to 592 million by 2035, according to the International Diabetes Federation (Shi & Hu 2014) . Diabetic nephropathy (DN) is one of the most devastating complications of diabetes and the leading single cause of end-stage kidney disease. It accounts for a significant increase in morbidity and mortality in patients with diabetes, underscoring the importance of therapeutic interventions directed at preventing the development and progression of diabetic kidney disease.
Clinical features of DN include elevated urinary albumin excretion, impaired glomerular filtration rate (GFR), and progressive decline in kidney function that ultimately lead to end-stage kidney failure. Hyperglycemiamediated alterations of intracellular metabolism, including the accumulation of advanced glycation end-products (AGEs), activation of protein kinase C (PKC), and oxidative stress are the major contributing factors to the pathogenesis of DN (Calcutt et al. 2009 , Giacco & Brownlee 2010 . Increased flux of glucose through the polyol pathway is a major cause of oxidative stress. Chronic hyperglycemia also activates the diacylglycerol-PKC pathway, which contributes to the regulation of vascular permeability, vasoconstriction, extracellular matrix (ECM) synthesis and turnover, cell growth, angiogenesis, cytokine activation, and leukocyte adhesion (Noh & King 2007) . Moreover, hemodynamic changes resulting in systemic and glomerular hypertension and the role of the renin-angiotensin system (RAS) have been also implicated in the pathogenesis of DN in both type 1 and type 2 diabetes (Brenner et al. 2001 , Lewis et al. 2001 , Ruggenenti et al. 2010 , Har et al. 2013 . Current therapies for DN are aimed at controlling blood glucose levels and blood pressure, and in particular, inhibition of the RAS to reduce or abrogate the development of albuminuria and progression of DN (Brenner et al. 2001 , Ruggenenti et al. 2010 . However, the incidence of diabetic kidney disease continues to increase and many patients with DN experience progressive kidney function decline resulting in end-stage kidney disease. Hence, there is a critical need to further our understanding of the pathogenesis of DN in order to identify new therapeutic targets and improve clinical management.
Autophagy is an evolutionarily conserved homeostatic cellular process that has garnered widespread interest as an important pathway in many biological functions. It plays key roles in normal and disease states, including immunity, inflammation, adaptation to stress, development and aging, metabolic and neurodegenerative disorders, and cancer . Autophagy is a tightly regulated process in which cellular protein aggregates and damaged organelles are degraded via the lysosomal pathway. Emerging body of evidence also implicates impaired autophagic activity in the pathogenesis of diabetic kidney disease. In this review, we examine the current advances in our understanding of the role of autophagy in DN. Targeting the autophagic pathway is an intriguing therapeutic strategy for DN.
Autophagy
Autophagy (derived from the Greek word meaning 'self-eating') represents a fundamental cellular process that delivers intracellular constituents to lysosomes for degradation to maintain homeostasis and cell integrity. The term 'autophagy' was first used in 1963 by Christian de Duve, who received the Nobel Prize for his work on lysosomes (Ravikumar et al. 2010) . Early studies demonstrated autophagy as a stress-adaptive response induced during nutrient starvation to provide nutrients and energy to cells through recycling of endogenous materials (Mortimore & Pösö 1987) . During the last decade, studies defining the basic cellular mechanisms of autophagy have provided evidence for its roles in human health and disease .
Among the three major types of autophagy that have been described, namely macroautophagy, microautophagy, and chaperone-mediated autophagy (Fig. 1) , macroautophagy, hereafter referred to as autophagy, is the most intensively investigated and the focus of this review. The process of autophagy initiates with the formation of the phagophore, also known as the isolation membrane, around cytoplasmic components that will be sequestered by doublemembraned autophagosome forming at the endoplasmic reticulum (ER)-mitochondria contact site in mammalian cells (Hamasaki et al. 2013) . The autophagosome subsequently fuses with the lysosome to form autolysosome, and the enclosed contents are degraded and recycled (Fig. 1) . In microautophagy, the cytosolic contents are engulfed by direct invagination of the lysosomal membranes forming single-membraned vesicles and get rapidly degraded (Mijaljica et al. 2011) . Chaperone-mediated autophagy involves selective mechanism for the degradation of cytosolic proteins containing a pentapeptide motif with a consensus sequence such as KFERQ that is recognized by a chaperone complex, the heat shock-cognate chaperone of 70 kDa (hsc70), and delivered to lysosomes (Arias & Cuervo 2010) . Subsequent binding of substrate proteins to the lysosome-associated membrane protein type-2A (LAMP2A) facilitates internalization through a membrane translocation complex and degradation (Fig. 1) .
Autophagy is a well-coordinated multi-step process regulated by autophagy-related gene (Atg) products originally identified in yeast. In mammals, the initiation step of autophagosome formation involves the UNC51-like kinase 1/2 (ULK1/2) complex, comprising ULK1/ 2-ATG13-FIP200, and requires the activity of the class III phosphatidylinositol 3-kinase (PI3K), VPS34 (Ravikumar et al. 2010) . The activity of VPS34 is enhanced by its interaction with Beclin 1, and the VPS34-ATG14L complex facilitates vesicle nucleation and phagophore formation (Zhong et al. 2009 , He & Levine 2010 . Beclin 1 also interacts with other binding proteins such as ambra-1, U.v.-radiation resistance-associated gene (UVRAG), and BIF1, and disruption of their interaction with Beclin 1 affects autophagosome formation. Interestingly, the binding of the anti-apoptotic proteins BCl2 or BCLX L to Beclin 1 inhibits autophagy. Two ubiquitin-like conjugation systems, namely the ATG12-ATG5.ATG16L1 tetrameric complex and the microtubule-associated protein 1 light chain 3 (LC3)/ATG8, are required for autophagosomal elongation (Ravikumar et al. 2010) . The conversion of a cytosolic truncated form (LC3-I) to its autophagosomal membrane-associated, phosphatidylethanolamine-conjugated form (LC3-II), indicates autophagosome formation. The maturation step involves UVRAG interaction with the class C VPS proteins and subsequent activation of RAB7, thereby promoting fusion of autophagosomes with lysosomes. On the other hand, rubicon is a recently identified Beclin 1 interacting protein which suppresses autophagosome maturation via a distinct complex formation with Beclin 1 containing VPS34, VPS15, and UVRAG (Zhong et al. 2009 , Ravikumar et al. 2010 . Thus, each complex contributes to a different function during autophagy. Disruption of any of these complexes or core gene products results in impaired autophagy, indicating that a sequential reaction is indispensable for the autophagy process.
Impaired autophagy in the diabetic kidney
Dysregulated autophagy has been suggested to play important pathogenic roles in a variety of disease processes.
Accumulating body of evidence implicates that autophagy regulates many critical aspects of normal and disease conditions in the kidney . Studies indicate that diabetic kidneys are deficient in autophagic activity. Cellular autophagy was inhibited in the kidney cortex tubules of streptozotocin (STZ)-induced earlydiabetic rats, with associated renal hypertrophy, and that insulin replacement by insulin treatment or islet transplantation reversed the inhibition of autophagy (Barbosa et al. 1992 , Han et al. 1997 . Impaired autophagy evidenced by renal accumulation of p62/Sequestosome 1 (SQSTM1), a substrate of autophagy-lysosomal degradation pathway, was also shown in STZ-induced diabetic mice (Vallon et al. 2013) and Wistar fatty rats (Kitada et al. 2011a) , which are models of type 1 and type 2 diabetes respectively. In addition, increase in chaperone-mediated autophagy substrate proteins in the kidney cortex and a decrease in proteins that regulate this pathway, such as LAMP-2A, were also seen in STZ-induced early-diabetic rats with renal hypertrophy (Sooparb et al. 2004) . Taken together, these pre-clinical studies indicate an impairment of autophagy at the early stage of experimental diabetic kidney disease. Moreover, evidence of impaired autophagy has also been observed in kidney biopsy samples from patients with type 2 diabetes exhibiting accumulation of p62/SQSTM1 protein in proximal tubular cells, suggesting that deficiency in autophagy also occurs in human type 2 diabetes (Yamahara et al. 2013). mTOR and autophagy in the diabetic kidney
The mechanistic target of rapamycin (mTOR) is the classical nutrient-sensing pathway regulating autophagic activity through its association with two distinct protein complexes, mTOR complex 1 (mTORC1) and mTORC2. In general, mTORC1 is a negative regulator of autophagy by inhibiting the activity of the ULK1 complex through direct phosphorylation. Nutrient starvation induces autophagy primarily through the inhibition of mTORC1 (Zoncu et al. 2011) . Autophagy induced during starvation, growth factor deprivation, hypoxia, and ER stress can prevent cell death and is thought to represent survival mechanism. Recent studies have suggested that the pathogenesis of DN is associated with impaired autophagic activity via activation of the mTOR pathway (Fig. 2) .
Enhanced mTORC1 activity is seen in human and experimental type 1 and type 2 DN (Lloberas et al. 2006 , Mori et al. 2009 , Gödel et al. 2011 Moreover, podocytespecific activation of mTORC1 results in many features of DN, such as mesangial expansion, glomerular basement membrane (GBM) thickening, podocyte loss, and proteinuria in nondiabetic mice (Inoki et al. 2011 An overview of the regulation of autophagy by extracellular and intracellular stresses in the pathogenesis of diabetic nephropathy (DN). Three major nutrient-sensing signal pathways modulate autophagy activity under diabetic conditions through activation of mTORC1 and inhibition of AMPK and SIRT1 to negatively regulate autophagy activity. AMPK and mTORC1 oppositely regulate the ULK1/2-ATG13-FIP200 complex. AMPK directly activates ULK1/2 to induce autophagy. SIRT1 interacts with the essential components of the autophagy machinery, such as ATG5, ATG7, and LC3, and the transcription factor FOXO3 to induce autophagy. Diabetes also induces alterations in intracellular metabolism, such as accumulation of intracellular advanced glycation end-products (AGEs) and extracellular AGEs that act via their interaction with receptor for AGEs (RAGE). Other cellular events include increased reactive oxygen species (ROS), endoplasmic reticulum (ER) stress, enhanced protein kinase C (PKC) activity and increased flux through polyol pathways, hypoxia, and activation of the rennin-angiotensin system (RAS), which modulate autophagic activity and contribute to the development of DN. Impairment of autophagy activity lead to cellular injury responses including apoptosis, inflammation, and ECM accumulation, resulting in progression of DN with the development of albuminuria, decline in GFR, and renal fibrosis. mTORC1, mechanistic target of rapamycin complex 1; AMPK, AMP-activated protein kinase (AMPK); SIRT1, silent information regulator T1; ULK1/2, Unc-51-like kinase 1/2; Atg, autophagy-related gene; LC3, microtubule-associated protein 1 light chain 3; FOXO3, forkhead box O3; ECM, extracellular matrix; GFR, glomerular filtration rate.
respectively. Blockade of the mTOR pathway reduced glomerular a-smooth muscle actin expression, mesangial matrix accumulation, and renal hypertrophy in STZinduced diabetes (Lloberas et al. 2006 , Sakaguchi et al. 2006 . Renal mRNA expression of proliferating cell nuclear antigen, transforming growth factor beta 1 (TGFb1), vascular endothelial growth factor, and monocyte chemoattractant protein-1 was also reduced (Yang et al. 2007 , Wittmann et al. 2009 . Similarly, mTOR inhibition also ameliorated diabetic changes such as renal hypertrophy in db/db mice , Mori et al. 2009 ). These findings suggest that activation of the mTOR pathway has an important pathogenic role in DN.
AMPK and autophagy in the diabetic kidney
The AMP-activated protein kinase (AMPK) is a nutrientsensing kinase activated under energy-depleted conditions and is, in contrast to the mTOR pathway, a potent positive regulator of autophagy. AMPK is activated upon phosphorylation of a conserved threonine residue (T172) in the activation loop of the catalytic a-subunit by several upstream kinases, including liver kinase B1 (LKB1), calcium/calmodulin-dependent kinase kinase beta (CaMKKb), and TGFb-activated kinase 1 (TAK1) (Alers et al. 2012) . Both CaMKKb-and TAK1-mediated activation of AMPK have been implicated in AMPK-mediated autophagy induction, triggered by increased intracellular calcium concentrations and tumor necrosis factor-related apoptosis-inducing ligand respectively. In addition, AMPK can also cross-talk with mTORC1 signaling to inhibit mTORC1 activity either via the the tuberous sclerosis complex (TSC)1/2-RHEB pathway or through phosphorylation of its regulatory-associated proteins such as Raptor (Lee et al. 2010 , Alers et al. 2012 . AMPK and mTORC1 oppositely regulate the ULK1/2-ATG13-FIP200 complex. Recent studies have shown that AMPK can bind, phosphorylate, and directly activate ULK1/2 to induce autophagy (Lee et al. 2010 , Kim et al. 2011 ). This interaction is counteracted by mTORC1. ULK1 has also been shown to phosphorylate and inhibit both of its upstream regulators AMPK and mTORC1 to further fine-tune the autophagic response. Thus, a balance between the AMPK and mTOR pathways can directly regulate the activity of ULK1 to control autophagy induction (Fig. 2) .
Findings in both type 1 and type 2 diabetic animal models provide evidence that AMPK phosphorylation and activity were suppressed in the glomeruli and tubules , Ding et al. 2010a , Kitada et al. 2011b . Furthermore, restoration of AMPK activity by the use of agents that are known activators of AMPK attenuated diabetic kidney injury. In STZ-induced diabetic rats, metformin and 5-aminoimidazole-4-carboxamide1b-riboside (AICAR) increased renal AMPK phosphorylation, reversed mTOR activation, and inhibited renal hypertrophy . Metformin treatment also improves hyperglycemia via mechanisms that include the activation of AMPK (Sokolovska et al. 2010) . Treatment with resveratrol, another AMPK activator, reversed the inhibition of AMPK in the STZ-induced diabetic kidney and reduced albuminuria, ameliorated hyperglycemia and renal dysfunction, and attenuated renal hypertrophy (Ding et al. 2010a , Chang et al. 2011 . Resveratrol also significantly reduced urinary albumin excretion and attenuated renal pathological changes in db/db mice (Kitada et al. 2011b) . These studies suggest that inactivation of AMPK inhibits autophagy and contributes to the pathogenesis of DN. Thus, AMPK activation may be a target for restoring autophagy activity in diabetic kidneys.
SIRT1 and autophagy in the diabetic kidney
Silent information regulator T1 (SIRT1), a NADC-dependent deacetylase, is the second major nutrient-sensing pathway implicated as a positive regulator of autophagy (Fig. 2) . However, the mechanism of SIRT1-mediated autophagy induction is less well-understood. SIRT1 forms a molecular complex with essential components of the autophagy machinery, such as ATG5, ATG7, and LC3, and in an NAD-dependent fashion and directly deacetylate these components (Lee et al. 2008) . Moreover, SIRT1 can interact with and deacetylate the transcription factor forkhead box O3 (FoxO3), resulting in enhanced expression of BCL2/adenovirus E1B 19 kDa interacting protein 3 (BNIP3), and promote autophagy (Kume et al. 2010) . SIRT1 functions as an intracellular energy sensor by monitoring the NADC concentration and regulates in vivo metabolic changes and redox stresses. SIRT1 is abundantly expressed in mouse renal medullary interstitial cells, and knocking down its expression substantially reduced cellular resistance to oxidative stress, whereas pharmacologic activation of SIRT1 improved cell survival in response to oxidative stress .
Similar to AMPK, SIRT1 expression is decreased in the kidneys of experimental type 1 and type 2 diabetic animals (Li et al. 2010a , Chuang et al. 2011 . Glomerular expression of SIRT1 was also reduced in patients with DN (Chuang et al. 2011) . Increasing SIRT1 activity by treatment with SIRT1 activators, such as resveratrol, reduced diabetic kidney changes in both type 1 and type 2 experimental diabetes.
Resveratrol induced a partial reversal of collagen type IV and fibronectin protein induction and ameliorated kidney injury in STZ-induced diabetic rats (Wu et al. 2012) . Resveratrol treatment in db/db mice also decreased albuminuria, ameliorated glomerular matrix expansion and inflammation, and reversed the increase in renal apoptotic cells and oxidative stress (Kim et al. 2013) . Resveratrol also reduced high glucose-mediated oxidative stress and senescence in mesangial cells (Xu et al. 2012 , and protected podocytes from AGE-induced apoptosis (Chuang et al. 2011) . Moreover, treatment with resveratrol resulted in the reduction of tubulointerstitial fibronectin accumulation as well as macrophage infiltration in the renal interstitial lesions of db/db mice, and ameliorated the enhanced mitochondrial biogenesis with manganese-superoxide dismutase dysfunction in proximal tubular cells (Kitada et al. 2011b) . However, resveratrol treatment did not alter AMPK activation nor SIRT1 expression in the kidney, suggesting that these protective effects are through improvement of oxidative stress via AMPK/SIRT1-independent pathway. Increased expression of SIRT1 in pancreatic b cells enhances insulin secretion in response to glucose and improves glucose tolerance (Moynihan et al. 2005) . SIRT1 also stimulates insulin signaling pathways in insulin-sensitive organs by repressing the transcription of PTP1B protein tyrosine phosphatase 1B (PTP1B), which acts as a negative regulator of insulin signaling, and regulating insulin-induced tyrosine phosphorylation of insulin-receptor substrate 2 (IRS2) (Sun et al. 2007 , Zhang 2007 . Thus, like AMPK, SIRT1 in the kidney is cytoprotective and inhibition of SIRT1 contributes to renal injury associated with DN via negative regulation of autophagy. SIRT1 also has a positive role in insulin action by inducing insulin secretion and repressing negative regulators of insulin signaling. These findings suggest a therapeutic promise of targeting SIRT1 in insulin resistance and diabetic kidney injury.
Autophagy in renal cells
The mechanisms of autophagy in kidney function and pathology remain still largely understudied. We are just beginning to appreciate the complexity of the autophagic pathway. A growing body of evidence implicates the importance of autophagy in both the maintenance of kidney homeostasis and disease pathogenesis. Much of the current insight has been gained from investigations in renal cells in culture and in complementary studies carried out in animal models. The regulation and function of autophagy in the kidney are likely cell type and context specific. In the following, we discuss studies in four resident renal cell types, podocytes and glomerular mesangial and endothelial cells, which participate in the vital functions of glomerular filtration, and renal tubular epithelial cells (Fig. 3) . These highly specialized cell types are targets of diabetic kidney injury.
Podocytes and autophagy in the diabetic kidney
Podocytes are highly differentiated glomerular epithelial cells with interdigitating foot processes that line the outer aspect of the GBM and envelope the glomerular capillaries to form the kidney filtration barrier (Fig. 3) . Injury and loss of podocytes lead to albuminuria, a hallmark of DN. A decrease in the number of podocytes is a predictor for the progression of kidney diseases, including DN (Wolf et al. 2005) . Given that postmitotic cells such as podocytes have a very limited capacity for cell division and replacement, self-repair mechanisms are vital to maintain homeostasis. Autophagy is a fundamental cellular homeostatic process that cells use to degrade and recycle cellular proteins and remove damaged organelles. Evidence shows that podocytes have a high level of basal autophagy, which may serve as a mechanism for their maintenance of cellular homeostasis (Hartleben et al. 2010 , Fang et al. 2013 . Podocyte-specific deletion of the Atg5 gene led to the development of glomerulopathy in aging mice, with oxidized and ubiquitinated protein accumulation and ER stress in podocytes that ultimately resulted in podocyte loss, increased proteinuria and glomerulosclerosis (Hartleben et al. 2010) . Furthermore, the induction of proteinuria in mice with podocyte-specific deletion of the Atg5 gene, induced by puromycin aminonucleoside or adriamycin, led to more severe albuminuria, loss of podocytes, and glomerulosclerosis, compared with control mice (Hartleben et al. 2010) . Therefore, these studies underscore the importance of constitutive and induced autophagy as major protective mechanisms against aging and podocyte injury. Deficiency in autophagy increases susceptibility to the development of glomerular diseases, and autophagy represents a stress-adaptive response of podocytes that is cytoprotective against glomerular disease.
Studies carried out in mice with podocyte-specific mTORC1 activation induced by conditional deletion of an upstream negative regulator TSC1 gene products (Tsc1) in podocytes recapitulated many features of DN, such as podocyte injury and loss, proteinuria, GBM thickening, mesangial expansion, and glomerulosclerosis (Inoki et al. 2011) . On the other hand, reduction of mTORC1 in diabetic mice through podocyte-specific heterozygous deletion of Raptor, an essential component of mTORC1, significantly reduced proteinuria, mesangial matrix expansion, and glomerulosclerosis, and suppressed the development of DN in both type 1 and type 2 diabetic animals (Gödel et al. 2011 , Inoki et al. 2011 . These findings indicate that mTORC1 activation in podocytes is associated with the development of DN, whereas reduction in podocyte mTORC1 activity protects podocytes and inhibits progressive DN, suggesting that mTOR suppression is a potential therapeutic strategy to prevent DN. Treatment with the mTORC1 inhibitor rapamycin restores autophagic activity in podocytes exposed to highglucose conditions (Fang et al. 2013) . Thus, mTORC1 activation may be responsible for suppressing autophagy in podocytes under diabetic conditions, and the protective effects from reduction in podocyte mTORC1 activity may be due to the restoration of autophagic activity. Interestingly, podocyte-specific deletion of mTORC1 in nondiabetic mice also induced proteinuria and progressive glomerulosclerosis (Gödel et al. 2011 , Inoki et al. 2011 . The simultaneous deletion of both mTORC1 and mTORC2 in the mouse podocytes aggravated the glomerular lesions (Gödel et al. 2011 ). These findings demonstrate the importance of basal mTORC1/mTORC2 activities for maintaining podocyte homeostasis. Hence, both excessive and insufficient mTOR activity can be deleterious to the podocytes. Further investigations are necessary to clarify the relationship between autophagy and mTOR signaling inducing podocyte dysfunction under diabetic conditions.
Mesangial cells and autophagy in the diabetic kidney
Expansion of the cellular and matrix components in the mesangium is a hallmark of type 1 and type 2 DN. Mesangial cell proliferation and hypertrophy together with excessive accumulation of ECM proteins within the mesangium are prominent features, which eventually lead to glomerulosclerosis (Kanwar et al. 2011) . The function of autophagy in the mesangial cells is just beginning to be uncovered. We reported that autophagy contributed to the survival of mesangial cells. Under serum deprivation conditions, autophagy was induced by TGFb1 in mesangial cells via TAK1 and PI3K-AKT-dependent pathways, and autophagy enhanced cell survival by inhibiting mesangial cells from undergoing apoptosis (Ding et al. 2010b) . We also reported that autophagy negatively regulated ECM production in mesangial cells by promoting the degradation of intracellular type 1 collagen (Kim et al. 2012a) . These data suggest a novel intracellular mechanism by which collagen protein levels may be regulated through autophagic degradation to suppress renal fibrosis. Studies implicate dysregulated autophagy in the pathogenesis of DN. However, little is known regarding the function of autophagy in mesangial cells under diabetic conditions. A recent report has provided evidence that autophagy may be inhibited through downregulation of the tissue inhibitor of metalloproteinase-3 (TIMP3). In both STZ-induced diabetic mice and in patients with DN, renal expression of TIMP3 is reduced (Fiorentino et al. 2013) . Reduced expression of TIMP3 results in STAT1-dependent inhibition of transcription factor FOXO1, which in turn suppresses the expression of protective autophagy genes to induce glomerular damage and proteinuria. Studies carried out in kidney biopsies of patients with DN confirmed significant reduction in the expression of TIMP3, FOXO1, and FOXO1-target genes involved in autophagy, whereas STAT1 expression was increased (Fiorentino et al. 2013) . Furthermore, knockdown of TIMP3 in mesangial cells, either by shRNA or genetic deletion in primary mesangial cells obtained from Timp3-null mice, recapitulated FOXO1 downregulation in vivo and inhibition of autophagy (Fiorentino et al. 2013) . These studies suggest that in the diabetic kidney, TIMP3 deficiency-induced reduction in autophagy through FOXO1 attenuated the protective function of autophagy and contributed to diabetic kidney disease.
Glomerular endothelial cells and autophagy
Studies suggest that endothelial dysfunction is involved in the development of diabetic and nondiabetic glomerular injury and renal fibrosis (Stehouwer 2004) . Advanced diabetic glomerulopathy in humans exhibits evidence of endothelial dysfunction in the glomerulus, such as thrombotic microangiopathy, including glomerular capillary microaneurysms and mesangiolysis (Nakagawa et al. 2011 ). In animal model of STZ-induced diabetes in endothelial nitric oxide synthase (eNOS)-knockout mice, severe endothelial dysfunction due to deficiency of eNOS exacerbates diabetic kidney damage with features that resemble human DN (Nakagawa et al. 2011) . Few studies have examined the role of autophagy in glomerular endothelial cells. Xavier et al. (2010) demonstrated that bone morphogenetic protein and activin receptor membrane-bound inhibitor (BAMBI), a competitive receptor antagonist for the TGFb receptor family, is expressed in glomerular endothelial cells and regulated by autophagy. BAMBI interferes with the complex formation of TGFb type 1 and 2 receptors (TbR1 and TbR2) and blocks TGFb1 signal transduction, thereby inhibiting fibrosis (Fig. 3) . Interestingly, TGFb treatment upregulated BAMBI mRNA in glomerular endothelial cells and downregulated TbR2, perhaps as a negative feedback loop. Induction of autophagy resulted in BAMBI protein degradation. Therefore, these studies point to the existence of a complex network of positive and negative regulation of TGFb through autophagy. Further investigations are required to elucidate the functional role of autophagy in glomerular endothelial cells in modulating TGFb1 signaling and endothelial dysfunction in the development of diabetic kidney disease and fibrosis.
deformed mitochondria and accumulation of p62-and ubiquitin-positive cytosolic inclusion bodies, leading to cellular hypertrophy and eventual degeneration of proximal tubule cells at 9 months of age (Kimura et al. 2011) . Moreover, Atg5 deficiency exacerbated ischemia/ reperfusion (I/R) injury with increased proximal tubule cell apoptosis and accumulation of p62-and ubiquitinpositive cytosolic inclusions . Taken together, these studies suggest that autophagy is important for maintaining proximal tubule cell homeostasis and protection against aging and I/R injury.
Hyperglycemia has been shown to inhibit cellular autophagy, associated with an increase in p62/SQSTM1, in proximal and distal tubular cells of both type 1 and type 2 diabetic animals (Barbosa et al. 1992 , Han et al. 1997 , Kitada et al. 2011a . The apically expressed sodium-glucose cotransporter 2 (SGLT2) promotes high-capacity glucose uptake in the proximal tubule (Fig. 3) . The inhibition of SGLT2 increases renal excretion of glucose, thereby lowering blood glucose levels, and pharmacological inhibitors that block SGLT2 are being developed as potential antidiabetic drugs (Nair & Wilding 2010) . Knockout of Sglt2 attenuated the STZ-induced renal accumulation of p62/SQSTM1, indicating a role of SGLT2-induced glucose uptake resulting in inhibition of autophagy (Vallon et al. 2013) . Also, SGLT2 deficiency attenuated hyperglycemia and glomerular hyperfiltration due to STZ-induced diabetes, but did not alter the expression of the basolateral glucose transporter 2 (GLUT2). However, SGLT2 deficiency did not attenuate fibrosis markers, such as fibronectin and Sirius redsensitive renal collagen, in STZ-induced diabetes (Vallon et al. 2013) . The findings of Sglt2 knockout dissociating hyperglycemia/hyperfiltration response from renal fibrosis in STZ-induced diabetes are not readily explained.
SIRT1 is an important autophagy mediator in the kidney. Using proximal tubule-specific Sirt1 knockout and Sirt1-transgenic mice, a recent report (Hasegawa et al. 2013) has suggested that SIRT1 in proximal tubules affects glomerular function and protects against diabetic renal damage. Reduced SIRT1 expression in proximal tubules led to the downregulation of SIRT1 and upregulation of the tight junction protein Claudin-1 in podocytes and contributed to albuminuria. Moreover, in db/db or STZinduced diabetic mice, the expression of SIRT1 in proximal tubules was downregulated before the occurrence of albuminuria. These findings indicate that renal tubular SIRT1 attenuates albuminuria by epigenetically suppressing Claudin-1 expression in podocytes. Although autophagy activity was not directly assessed in the above studies by Hasegawa et al. (2013) given that SIRT1 is a positive regulator of autophagy in the kidney, the findings suggest the possible mechanism for a protective role of proximal tubule SIRT1 against diabetes-induced albuminuria through induction of autophagy.
AGEs and autophagy in the diabetic kidney
Hyperglycemia-induced kidney injury causes alterations in intracellular metabolism, including generation of AGEs, and renal accumulation of AGEs contributes to the pathogenesis of DN (Kanwar et al. 2011) . Extracellular AGEs are formed by irreversible cross-linking of glucose with ECM proteins. In high-glucose milieu, extracellular AGEs, through their interaction with receptor for AGEs, and intracellular AGEs induce oxidative stress and modulate various cellular events, such as the generation of reactive oxygen species (ROS) and activation of PKC (Fig. 2) . A recent report has suggested a role of autophagic clearance of AGEs in the amelioration of diabetic vascular complications including kidney dysfunction (Peng et al. 2011) . In diabetic mice, treatment with an inducer of hepatocyte growth factor (HGF) reduced serum level of AGEs via autophagic-lysosomal activity and improved kidney function. Recombinant mouse HGF enhanced the endocytosis and autophagic clearance of AGEs (Peng et al. 2011) . These studies suggest that autophagy may exert renoprotective effects by promoting clearance of AGEs and preventing renal accumulation of AGEs in diabetes.
Oxidative stress, autophagy, and DN Altered intracellular metabolism related with hyperglycemia is implicated in the pathogenesis of DN. Oxidative stress occurs as a consequence of the imbalance between ROS generation and local antioxidant defenses (Tan et al. 2007) . The production of ROS in the kidney is enhanced by high-glucose concentrations and is associated with cell dysfunction (Koya et al. 2003) . Sources of ROS in the diabetic kidney include auto-oxidation of glucose, advanced glycation, polyol pathway flux, and activation of PKC. Mitochondrial dysfunction and mitochondrial respiratory chain deficiencies also generate ROS. Normalizing levels of mitochondrial ROS have been shown to prevent glucose-induced activation of PKC and formation of AGEs (Nishikawa et al. 2000) . A recent study in podocytes has revealed that within 24 h of exposure to high glucose condition increases in ROS generation and autophagy induction, and treatment with antioxidant N-acetylcysteine inhibited the high glucose-induced autophagy (Ma et al. 2013) . These findings suggest that the acute exposure to high glucose-induced autophagy, which is mediated through the generation of ROS in podocytes. Exposure of podocytes to angiotensin II (ANG II) also enhanced ROS generation and induced autophagy, and treatment with antioxidants inhibited ANG II-induced autophagy (Yadav et al. 2010) . Diabetic kidneys display the evidence of mitochondrial damage such as abnormal mitochondrial morphology with marked swelling and disintegration of cristae (Kitada et al. 2011a) . Autophagymediated clearance of damaged mitochondria would reduce ROS and restore homeostasis. Thus, increase in ROS induces autophagy, presumably as an adaptive response to cellular stress, and in turn autophagy leads to reduction in ROS to protect the kidney under diabetic conditions (Fig. 2) . Studies by Fang et al. (2013) revealed that prolonged exposure to high glucose resulted in defective autophagy in podocytes and the restoration of autophagy activity attenuated diabetic glomerular damage, suggesting that the reduction in autophagy activity may facilitate the podocyte injury.
ER stress, autophagy, and DN
The ER is not only involved in protein synthesis and maturation process involving proper folding and assembly but also comprises a major source for the autophagic isolation membrane (Hamasaki et al. 2013) . ER stress can induce autophagy and has been linked with the pathogenesis of diabetes and DN (Hummasti & Hotamisligil 2010 , Zhang et al. 2014 . Accumulation of misfolded proteins in the ER induces the unfolded protein response (UPR) which represents the major ER stress pathway (Walter & Ron 2011) . The UPR-related proteins, protein kinase RNA-like ER kinase (PERK), and activating transcription factor-6 (ATF6) have been reported to induce autophagy, while inositol-requiring enzyme 1 (IRE1) acts as a negative regulator of autophagy (Kroemer et al. 2010) . PERK promotes the transcription of LC3 and ATG5 via transcription factors ATF4 and CCAAT/enhancer-binding protein (C/EBP) homologous protein, respectively, whereas IRE1 inhibits autophagy via its downstream effector X-boxbinding protein 1 (XBP1) (Kroemer et al. 2010 , Rouschop et al. 2010 . The inhibition of IRE1 enhances autophagy induction, and mice lacking XBP1 exhibit increased levels of baseline autophagy (Kroemer et al. 2010) . It is possible that IRE1/XBP1-dependent signals function to curtail excessive autophagy induced via the PERK and possibly ATF6. Thus, IRE1 inhibition of autophagy may serve as a mechanism to control ER stress-induced autophagy.
High glucose and free fatty acids have been shown to induce ER stress and UPR in podocytes and subsequent apoptosis (Sieber et al. 2010 , Cao et al. 2014 . Exposure of renal tubular epithelial cells to high glucose and albumin also induce ER stress and apoptosis (Ohse et al. 2006 , Lindenmeyer et al. 2008 . Moreover, increased renal tubular expression of genes involved in ER stress is observed in kidney biopsies from patients with DN and proteinuria (Lindenmeyer et al. 2008) . Defective autophagy has been implicated in the pathogenesis of diabetic kidney disease, and the impairment of autophagic activity may lead to further increase in ER stress and subsequent tissue injury. Recent studies have suggested that chemical chaperones that enhance protein folding can mitigate diabetic injury by reduction of ER stress, an effect which may be mediated through restoration of defective autophagy. Tauroursodeoxycholic acid (TUDCA) is one such chemical chaperone shown to prevent AGE-induced podocyte apoptosis by blocking an ER stress-mediated apoptotic pathway (Chen et al. 2008) . Furthermore, TUDCA treatment was associated with decreased albuminuria, attenuated podocyte injury and glomerular damage, and restored autophagy in diabetic mice (Fang et al. 2013) . Treatment with phenyl butyric acid, a chemical chaperone, also reduced proteinuria and inhibited the expression of ER stress markers PERK and glucoseregulated protein 78 in STZ-induced diabetic rats, and reduced the expression of phosphorylated c-JUN NH(2)-terminal kinase, monocyte chemoattractant protein-1, and TGFb1 (Qi et al. 2011) . Taken together, these studies suggest that hyperglycemia-stimulated ER stress induces autophagy, probably as a stress adaptive response, and the renoprotective effects of the chemical chaperones by reducing ER stress may be facilitated through restoration of defective autophagy. However, further studies are needed that establish a causal relationship to directly link autophagy and reduction of ER stress by the chemical chaperones to mitigate diabetic renal injury.
as a consequence of I/R injury. Hypoxia induces autophagy. Exposure of cultured renal proximal tubular cells to either 1% O 2 (hypoxia) or 0% O 2 followed by recovery/ reperfusion period (I/R) induced autophagy (Jiang et al. 2010) . Blocking autophagy with 3-methyladenine (3-MA), Beclin 1-siRNA, or Atg5-siRNA enhanced hypoxia-induced renal tubular cell apoptosis. These findings were also confirmed in vivo. I/R injury in mice induced autophagy, and blockade of autophagy worsened renal I/R injuryinduced renal dysfunction, histology, and tubular apoptosis (Jiang et al. 2010) . Therefore, these findings support that autophagy provides a protective mechanism against hypoxia-induced apoptosis and kidney injury.
Hypoxia induces autophagy via hypoxia inducible factor-1 alpha (HIF1a), a transcription factor that is activated and plays an essential role in cellular and systemic responses to hypoxia. HIF1a activates the transcription of BNIP3 and BNIP3-like (BNIP3L) to disrupt the interaction of Beclin1 and BCL2, liberating Beclin 1 from BCL2 in cells and thereby inducing autophagy (Bellot et al. 2009 ). SIRT1 deacetylates and positively regulate the transcription factor FOXO3, which also upregulates the transcription of BNIP3 and enhances BNIP3-dependent autophagy (Kume et al. 2010) . The involvement of HIF1a-mediated autophagy induction in the kidney has been demonstrated in a mouse model of polycystic kidney disease, a genetic disorder characterized by innumerable cyst formation in the kidney resulting in localized areas of hypoxia (Belibi et al. 2011) . Calorie restriction has also been shown to increase autophagic activity and protect the aging kidney from hypoxia-induced oxidative stress via SIRT1-FOXO3 axis (Kume et al. 2010) . Evidence suggests that hypoxia probably causes functional impairment in the mitochondria of the renal tubular cells and diabetic rat kidneys display increased mitochondrial uncoupling which would result in increased O 2 consumption and reduced tissue O 2 availability (Friederich et al. 2008) . Thus, hypoxiainduced mitochondrial dysfunction and intracellular accumulation of ROS may contribute to the development of diabetes-induced kidney damage. An important role of autophagy may be to remove the damaged mitochondria and reduce ROS, thereby providing a protective mechanism against hypoxia-induced kidney injury.
Autophagy and RAS
Numerous studies have examined the effects of the RAS on protein synthesis/turnover, cellular hypertrophy, proliferation, and apoptosis in diabetic kidneys. An activated intrarenal RAS has been implicated in the pathogenesis of DN. Blockade of the RAS with agents such as an angiotensin-converting enzyme (ACE) inhibitor and ANG II type 1 (AT 1 ) receptor blockers, through inhibition with local production and/or local effects of ANG II, exerts renoprotective effects (Lu et al. 2013) . ANG II generated in the circulation will diffuse to tissues where it can bind to its main receptor AT 1 to exert its effects. However, it is believed that most renal AT 1 receptors are exposed to locally generated ANG II and uptake from plasma contributes very little to the renal ANG II content (van Kats et al. 2001) . ANG II has been shown to induce autophagy. In podocytes, ANG II enhances the expression of autophagic proteins, LC3 and Beclin 1, and promotes formation of autophagosomes through increased generation of ROS (Yadav et al. 2010) . RAS blockade is not entirely protective in diabetic renal injury, which may be due to, at least in part, the inhibitory effect of ANG II-AT 1 receptor blockade on autophagy contributing to a reduced protective action. Future investigations are necessary to explore this possibility.
The (pro)renin receptor (PRR) is a recently identified transmembrane protein that interacts with prorenin to exert renin activity via nonproteolytic activation of prorenin and activation of the local tissue, but not the circulatory RAS. In addition, PRR has been shown to mediate RAS-independent signal transduction via activation of ERK1/2 in cells and is an accessory subunit of the vacuolar H(C)-ATPase, suggesting that it has functions beyond the activation of the local RAS. In STZ-induced diabetes, blockade of prorenin binding to its receptor suppressed proteinuria, glomerulosclerosis, and renal production of ANG I and II without affecting the circulatory RAS, indicating a critical contribution of the PRR to the pathogenesis of DN (Ichihara et al. 2006 , Takahashi et al. 2007 ). However, others were not able to confirm the protective effects of PRR blockade in models of hypertension or kidney damage (Muller et al. 2008 , Nguyen & Muller 2010 . Podocytes express PRR, but its function in these cells is not well-known. A recent study has revealed a significant contribution of the PRR and local tissue RAS to the pathogenesis of diabetes-induced retinal inflammation (Satofuka et al. 2009 ), a model of diabetic microvascular complication. On the other hand, mice with specific deletion of PRR in podocytes displayed foot process effacement with reduced and altered localization of the slit-diaphragm proteins, nephrin and podocin, and died of kidney failure and severe proteinuria within 2-4 weeks of birth (Oshima et al. 2011 , Riediger et al. 2011 . Podocyte-specific PRR deletion also resulted in abnormal processing of multivesicular bodies and enrichment of autophagosomal and lysosomal markers, LC3 and LAMP2 respectively (Oshima et al. 2011 , Riediger et al. 2011 , indicating a functional block in autophagosome-lysosome fusion. Taken together, these results suggest that the PRR is essential for the maintenance of normal podocyte structure, function, and survival by maintaining autophagy and protein-turnover machinery, indicating PRR function that is independent of modulating the RAS. Hence, it is likely that the PRR functions are complex and we do not yet fully understand the role of PRR in disease. Further studies using tissuespecific ablation of PRR or administration of a specific PRR antagonist are warranted.
Autophagy and kidney fibrosis
Diabetic kidney disease is characterized by the accumulation of the ECM in the glomerular and tubulointerstitial compartments, resulting in progressive kidney fibrosis that leads to irreversible loss of tissue and decline in kidney function. The development of fibrosis represents the final common response to injury that ultimately leads to end-stage kidney failure in both type 1 and type 2 diabetes. TGFb1 plays a central role in the pathogenesis of tissue fibrosis in the kidney. Overexpression of TGFb1 in renal tubular epithelial cells, using a tetracyclineinducible transgenic mouse model, resulted in widespread peritubular fibrosis and decomposition of tubular cells with induction of autophagy (Koesters et al. 2010) . Kidney injury induced by unilateral ureteral obstruction (UUO), a model of progressive renal fibrosis, resulted in tubular epithelial loss and tubulointerstitial fibrosis accompanied by enhanced autophagy in the obstructed tubules (Li et al. 2010b , Forbes et al. 2011 . A recent study indicates that oxidative stress leading to mitochondrial damage, autophagy-dependent cell death, and apoptosis is an important mechanism of tubular decomposition in UUO injury (Xu et al. 2013) . On the other hand, inhibition of autophagy by 3-MA enhances tubular cell apoptosis and tubulointerstitial fibrosis in the obstructed kidney after UUO, suggesting that autophagy is renoprotective (Kim et al. 2012b) . Thus, autophagy has dual roles, capable of promoting cell survival or cell death, the latter thought to be due to excessive autophagic activity leading to type II programed cell death. Our recent studies uncovered a novel role of autophagy in the negative regulation of collagen accumulation through autophagic degradation pathway (Kim et al. 2012a) . Moreover, kidney injury following UUO potently induces autophagy and negatively regulates TGFb1 expression and that deficiency of autophagic protein LC3 leads to increased collagen deposition and mature forms of TGFb1 in obstructed kidneys in LC3-null (LC3 K/K ) mice (Ding et al. 2014) . These data suggest a novel intracellular mechanism by which collagen and TGF-b1 protein levels may be regulated through autophagic degradation for suppression of renal fibrosis.
Therapeutic targeting of autophagy
Impairment of autophagic activity has been implicated in the pathogenesis of diabetic kidney disease. Hence, targeting the various components involved in the autophagic pathway may be a promising novel therapeutic strategy for the treatment of DN. Herein, we reviewed three major nutrient-sensing signal pathways, mTOR, AMPK, and SIRT1, which modulate autophagic activity and contribute to the development of DN. Inhibition of the mTOR pathway is an attractive target for amelioration of diabetic kidney injury based on the preclinical studies. However, it is important to note that while mTORC1 inhibition activates autophagy which is renoprotective, prolonged mTORC1 inhibition can be deleterious possibly due to the disruption of autophagic flux. There has been much interest in exploring the use of Rapamycin, a well-known inhibitor of mTORC1 and a potent activator of autophagy, as a drug for treatment of DN. However, some studies have reported that long-term inhibition of mTORC1 signaling by treatment with rapamycin can exacerbate glomerular damage. Development of de novo or worsening proteinuria is wellrecognized in patients with chronic use of rapamycin (Fervenza et al. 2004 , Lieberthal & Levine 2009 ). Thus, therapy with rapamycin and other mTOR inhibitors can be a double-edged sword, with both favorable and unfavorable consequences, and should be approached with caution. Targeting the AMPK and SIRT1 with activating agents such as resveratrol, metformin, and AICAR is also being explored. Both AMPK and SIRT1 are positive regulators of autophagy. AMPK can also cross-talk with mTORC1 signaling and induce autophagy by inhibiting mTORC1 activity. Therefore, a balance between mTORC1 and AMPK is important for subsequent autophagy initiation and AMPK activation may be a target for restoring autophagy activity in diabetic kidneys.
Resveratrol is a natural polyphenolic compound found in red wine that has been shown to have the potential protective effects in diabetic cardiovascular and renal diseases, though not without controversy (Kitada et al. 2011b , Turan et al. 2012 . Resveratrol is an activator of SIRT1 and AMPK pathways, thereby activating autophagy, and also has potent antioxidant properties such as a scavenger of ROS. Remarkably, beneficial effects of resveratrol have been the subject of heated debate including the speculation that the cellular effects are not through direct SIRT1 binding. Recent research has provided evidence indicating that resveratrol directly activates SIRT1 and that SIRT1 is required for AMPK activation and the beneficial effects in cells are similar to those caused by calorie restriction (Price et al. 2012) . Nutrient-depleted condition is a potent stimulator of autophagy to overcome long-term periods of starvation. Calorie restriction has been shown to exert a renoprotective effect in type 1 (Tikoo et al. 2007 ) and type 2 DN (Kitada et al. 2011a ) and restore autophagy activity. Thus, calorie restriction, which activates autophagy, may be an effective therapeutic strategy to prevent DN. The use of chemical chaperones, such as TUDCA, which enhance ER protein folding capacity and thereby reduce ER stress and restore autophagy activity may also be a therapeutic approach to mitigate diabetic kidney injury.
Conclusions
DN is the most common cause of end-stage kidney disease worldwide, and is associated with a significant increase in morbidity and mortality in patients with both type 1 and type 2 diabetes. Central to the current approaches to treatment of DN is the blockade of the RAS with drugs such as ACE inhibitors and ANG II receptor blockers, whose renoprotective effects have been impactful in retarding progression of many chronic kidney diseases. In addition, the importance of optimal blood pressure and glycemic control, as well as lipid control is wellestablished. However, the current therapies are not always effective and, at best, they slow, but not prevent, the progression of DN. Hence, there is a critical need for the development of new therapeutics directed at preventing the development and progression of diabetic kidney disease. Dysregulated autophagy is implicated in the pathogenesis of DN and evidence suggests that targeting the autophagic pathway to activate and restore autophagy activity may be renoprotective. Autophagy plays a critical role in removing protein aggregates and damaged organelles and thereby, promoting cell survival and tissue homeostasis. However, excessive autophagy can also contribute to cell death or, in certain circumstances, promote development of de novo or worsening proteinuria. Thus, autophagy may be deleterious. Future investigations are necessary to uncover the precise functional roles of autophagy in glomerular and tubular injury related with DN that will further advance our understanding of the role of autophagy in the kidney and guide potential therapies.
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